Cyclic nucleotide-sensitive ion channels, known as HCN and CNG channels, are activated by binding of ligands to a domain (CNBD) located on the cytoplasmic side of the channel. The underlying mechanisms are not well understood. To elucidate the gating mechanism, structures of both the ligand-free and -bound CNBD are required. Several crystal structures of the CNBD from HCN2 and a bacterial CNG channel (MloK1) have been solved. However, for HCN2, the cAMP-free and -bound state did not reveal substantial structural rearrangements. For MloK1, structural information for the cAMP-free state has only been gained from mutant CNBDs. Moreover, in the crystal, the CNBD molecules form an interface between dimers, proposed to be important for allosteric channel gating. Here, we have determined the solution structure by NMR spectroscopy of the cAMP-free wild-type CNBD of MloK1. A comparison of the solution structure of cAMP-free and -bound states reveals large conformational rearrangement on ligand binding. The two structures provide insights on a unique set of conformational events that accompany gating within the ligand-binding site.
Cyclic nucleotide-sensitive ion channels, known as HCN and CNG channels, are activated by binding of ligands to a domain (CNBD) located on the cytoplasmic side of the channel. The underlying mechanisms are not well understood. To elucidate the gating mechanism, structures of both the ligand-free and -bound CNBD are required. Several crystal structures of the CNBD from HCN2 and a bacterial CNG channel (MloK1) have been solved. However, for HCN2, the cAMP-free and -bound state did not reveal substantial structural rearrangements. For MloK1, structural information for the cAMP-free state has only been gained from mutant CNBDs. Moreover, in the crystal, the CNBD molecules form an interface between dimers, proposed to be important for allosteric channel gating. Here, we have determined the solution structure by NMR spectroscopy of the cAMP-free wild-type CNBD of MloK1. A comparison of the solution structure of cAMP-free and -bound states reveals large conformational rearrangement on ligand binding. The two structures provide insights on a unique set of conformational events that accompany gating within the ligand-binding site.
NMR solution structure | apo state | ligand removal method | potassium channel I on channels activated by cyclic nucleotides play key roles in neuronal excitability and sensory signaling. They belong to two subfamilies: cyclic nucleotide-gated (CNG) channels, and hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels (1) (2) (3) (4) . CNG channels are voltage independent and require cyclic nucleotides to open, whereas HCN channels are activated by hyperpolarization, and their activity is modulated by cyclic nucleotides. In both channels, ligand binding to an intracellular cyclic nucleotide-binding domain (CNBD) promotes the opening of the channel by conformational changes in the CNBD that propagate via a connecting linker (C linker) to transmembrane segment S6. However, the activation mechanisms are poorly understood in part because the nature of the pore gate is not known precisely (4) .
Understanding of the structural rearrangements underlying gating has been greatly advanced by several crystal structures of isolated CNBDs from HCN channels (5-8) and a prokaryotic K þ -selective CNG channel, designated MloK1 (9) (10) (11) . The MloK1 channel consists of four identical subunits, each encompassing six transmembrane domains (S1-S6), a "GYG" signature sequence for K þ selectivity, and a conserved CNBD. However, the C linker (approximately 20 residues) is much shorter than the C linker of mammalian CNG and HCN channels (approximately 80 residues) that is important for relaying the binding signal from the CNBD to the channel gate (12) (13) (14) (15) (16) (17) . In the crystal, the CNBDs from HCN channels are arranged in tetramers, where neighboring C linkers contribute most contacts between subunits (6, 8) , whereas the MloK1 CNBD forms a dimer; the dimer interface between the short C linker has been proposed to be involved in channel gating (9, 11) . The solution structure solved by nuclear magnetic resonance (NMR) spectroscopy of the monomeric MloK1 CNBD in complex with cAMP (18) is similar to that of the monomers in the dimer crystal (11) , except for the C linker, which forms the dimer interface in the crystal structure. Therefore, the C-linker contact in the crystal might have been enforced by packing of dimers. Moreover, in a cryoelectron microscopy structure of the full-length MloK1 channel, the CNBDs appear as independent domains separated by discrete gaps, suggesting that CNBDs are not interacting with each other (19) . Furthermore, ligand binding to both the tetrameric MloK1 channel and the monomeric CNBD occurs noncooperatively with similar affinity (20) , suggesting that the MloK1 CNBDs are functionally and structurally independent of each other.
To elucidate the mechanism of channel gating in MloK1, knowledge of the CNBD structure in the ligand-free and -bound state is required. Because of the high affinity, cAMP copurifies with the protein and even extensive dialysis fails to remove bound ligand quantitatively (9, 11, 18, 20) . For this reason, crystal structures of ligand-free CNBD were obtained from R348A and R307W mutants (9, 11) . Both arginine residues are directly involved in cAMP binding and mutation of either one drastically lowers cAMP binding, and thereby allows to prepare ligand-free protein. However, considering the crucial importance of these residues for ligand binding, the mutant structure might not reflect the true wild-type structure and the conformational changes on ligand binding might be altered. We have, therefore, developed a procedure to prepare cAMP-free wild-type protein in quantities sufficient for structure determination. Here, we report the solution structure of the ligand-free CNBD and compare it with the solution structure of the cAMP-bound CNBD and with crystal structures.
Results
Solution Structure of the Wild-Type cAMP-Free CNBD. In this study, we have determined the solution structure of the native unliganded CNBD of the MloK1 channel using NMR spectroscopy. The isolated CNBD shows high affinity for cAMP (K D ¼ 107 nM) (20) and copurifies with the ligand, which cannot be removed by size-exclusion chromatography or extensive dialysis Author contributions: S.S., M.S., U.B.K., and D.W. designed research; S.S. and J.L. performed research; S.S. and M.S. analyzed data; and S.S., U.B.K., M.S., and D.W. wrote the paper. (9, 11, 18, 20) . For this reason, tightly bound cAMP was either removed by protein denaturation and refolding (20) or by a competition assay (9, 20) . The resulting protein sample was free of cAMP, but the final yield was low. For structure determination by NMR spectroscopy or X-ray crystallography, however, large amounts of pure protein are required, preferentially prepared under nondenaturing conditions. We have therefore developed a procedure to prepare wild-type cAMP-free and -bound MloK1 CNBD in quantities sufficient for structure determination. The procedure is based on extensive washing of matrix-bound CNBD-GST fusion protein followed by ion-exchange chromatography that separated cAMP-free from cAMP-bound protein (Fig. S1 ). The CNBD eluted as two peaks, representing the pure monomeric forms of the cAMP-free and -bound CNBD (Fig. 1) . (21) . Assignments have been deposited in the BioMagResBank (accession number 16628). All spectra of the cAMP-free CNBD showed a single set of resonance signals, indicating that the protein is pure and adopts a single conformation. Moreover, the linewidths of the NMR spectra also reflect a monomeric form.
We carried out 15 N relaxation experiments to characterize the dynamics and the oligomeric state of the cAMP-free CNBD (Fig. S2) . From 15 N average longitudinal and transverse relaxation rates of 1.01 AE 0.05 s −1 and 13.76 AE 0.10 s −1 , respectively, an isotropic rotational correlation time of 8.4 ns was derived. This value is consistent with a CNBD monomer. Nuclear Overhauser enhancement (NOE) cross-peak assignments were obtained by an iterative procedure using a combination of manual and automatic approaches. For the structure calculations, a total of 2,380 intramolecular NOE distance constraints, including 632 long-range NOEs, have been evaluated. In addition, 254 dihedral constraints were derived from chemical-shift data and used for structure calculations. A final ensemble of 15 NMR structures with the lowest CYANA target functions were used to determine the cAMP-free CNBD structure. None of the 15 structures violated NOE distances more than 0.019 nm. No dihedral-angle constraint was violated more than 4°. The vast majority of residues (89.9%) was found in the most favored regions of the Ramachandran plot. The root-mean-squared (rms) displacement of the structure ensemble compared to the average structure was 0.037 nm for backbone and 0.070 nm for all heavy atoms. These data demonstrate that the structure is well defined ( Fig. 2A) . Only the very N-and C-terminal residues (Q216 to R220 and A351 to A355) show higher values of rms displacement and a lower number of NOE-derived distance constraints (Fig. S3) . A summary of the distance constraints and structural statistics is given in (Table S1 ).
The cAMP-free CNBD structure ( Fig. 2B ) features an antiparallel β roll with a short internal α helix, known as phosphate-binding cassette (PBC) similar to other CNBDs from HCN channels (6) (7) (8) , the cAMP-dependent protein kinase A (PKA) (22, 23) , the exchange protein activated by cAMP (Epac) (24) , and the catabolite activator protein (CAP) (25) , which lacks, however, the internal α helix. This core element consists of eight antiparallel β strands (β1: R252-V256, β2: V261-C263, β3: R271-E277, β4: V280-V282, β5: V288-L290, β6: F295-F296, β7: V311-A313, β8: V317-H323) and one α helix (PBC helix: E298-I302). The core element is topped by a region of four α helices (αA': F223-A231, αA: P241-A250, αB: S324-S333, αC: P335-R349).
In the cAMP-bound CNBD structure, the binding site is formed by the β roll and the PBC helix that provide interactions with the phosphate and ribose moieties of cAMP. The C-terminal helix αC is placed like a "lid" above the binding pocket and thereby stabilizes the complex. In the cAMP-bound CNBD structure, 25 intermolecular NOE distance constraints between the CNBD and cAMP have been derived. In the cAMP-free form, significant changes in chemical shifts and NOE pattern for atoms located in the binding site and in contact with cAMP have been observed (Fig. S4) .
Titration of the Ligand-Free CNBD with cAMP. To verify that the cAMP-free CNBD is functional, cAMP was stepwise added to cAMP-free CNBD and ( 15 N-1 H)-HSQC spectra were recorded (Fig. 3A) . During the initial steps of titration, a second set of NMR signals appeared originating from cAMP-bound CNBD (Fig. 3B) . At an equimolar ratio of CNBD and cAMP, NMR signals from the cAMP-free protein disappeared, demonstrating that the protein is homogenous with respect to binding of cAMP. Moreover, the HSQC spectrum recorded after cAMP titration is indistinguishable from HSQC spectra of CNBD samples that copurified with cAMP ( Fig. 3C) (18) .
Comparison of the ( 15 N-1 H)-HSQC spectra of cAMP-free and -bound CNBD shows that chemical shifts of more than half of the resonances changed on binding (Fig. 3D) . The chemical-shift differences were mapped on ribbon diagrams of the cAMP-free and -bound structures (Fig. 3 E and F) . Although differences are not localized to a particular region, changes are most prominent in the helical parts rather than the β roll. In particular, a cluster of residues in the cAMP-binding site making contact with cAMP and regions nearby display pronounced differences of their chemical shifts. These differences primarily reflect changes in the chemical environment induced by cAMP. Furthermore, a multitude of resonances from residues located further away from the cAMPbinding site undergo significant changes in their chemical shifts ( Fig. 3D; e.g., R249, A231, L235, L301, L330, and E336).
Superposition of cAMP-bound and -free CNBD shows that the β roll core is almost identical with an rms displacement of only 0.084 nm (Fig. 4) . In contrast, the helical parts show substantial rearrangements between the two forms (rms displacement of NMR signals originating from cAMP-free CNBD disappeared, proving that all CNBD protein has bound to cAMP. The spectrum is indistinguishable from spectra that were recorded using samples where cAMP copurified with CNBD (shown in blue) and that were reported previously (18) . (D) Chemical-shift differences of resonance signals between cAMP-free and -bound CNBD; the most pronounced perturbations are highlighted by blue arrows. The chemical-shift differences were mapped on ribbon diagrams of the cAMP-free (E) and cAMPbound (F) solution structures. cAMP-induced changes in both spectrum dimensions ( 1 H N and 15 N) 0.271 nm). The orientation of all helices, in particular αA', αB, and αC, with respect to the β roll differs remarkably in the two structures, whereas the position of αB and αC relative to each other is similar: The angle between the two helices in the cAMP-free and -bound state is 65.5°and 60.5°, respectively (rms displacement of 0.053 nm for αB-turn-αC). This almost static behavior is likely mediated by hydrophobic interactions between residues F327 and F341 in αB and αC, respectively (Fig. S5 ). In the cAMP-free state, a network of mainly hydrophobic interactions is observed within the helical region and those parts of the β roll that form the interface with the helical region [including residues in αA' (W227, L229, V230, A231), loop region between αA' and αA (L235, F236, L239), αA (V243, L244, I247, V248), PBC helix (L301), αB (F327, L330), αC (F341, I340, I337), β3 (M272, F274, V276), and β8 (L322)]. These interactions are also present in the cAMP-bound state, in addition to the hydrophobic interactions of residues in the 3 10 -helix (V233), αA (L251), PBC helix (I302), αB (M329), αC (A345), β1 (A253), β6 (F295), and β8 (L320). The movement of αC is accompanied by a substantial displacement of other helical parts right up to the N-terminal helix αA', and residues in the helical parts undergo a significant change in their chemical shift (e.g., A231, L235, K238, R249, G269, M299, L301, L330, E336, and A338; Fig. 3 D-F) . For example, the position of two residues D222 and P234 located in the αA' and loop region, respectively, shifted by 0.8 nm relative to their position in the cAMP-bound structure. In the cAMP-bound state, a short 3 10 -helix formed by residues P234 to K238 is located between αA' and αA. This 3 10 -helix is adjacent to αC. In particular, L235 and K238 of the 3 10 -helix undergo hydrophobic interactions with I337, I340, and F341 in αC. This short 3 10 -helix is absent in the cAMP-free state. However, residues in this loop region show heteronuclear NOE values close to 0.8, indicating a rather rigid region. Furthermore, residues L235, F236, K238, and L239 in this loop region show hydrophobic interactions similar to residues I337, I340, and F341 located in αC. These interactions might be responsible for the fixed orientation of αC.
The cAMP-Free CNBD Is Rigid. Hydrogen exchange of protons can provide valuable information on a protein's local flexibility, structure, and function (26) (27) (28) . The proton-deuterium exchange rates provide information on slow internal motions (slower than minutes) that permit breaking of hydrogen bonds whereby labile protons can exchange with the solvent (29) . The exchange rates of the cAMP-free and -bound state have been determined by a set of sequentially recorded ( 15 N-1 H)-HSQC spectra (Fig. S6) .
In both states, residues in the β roll showed slow exchange rates, indicating that the β roll is structurally rigid (Fig. S6) . Calculated protection factors indicate that parts of β1, β3, and β8 are even more protected in the cAMP-free compared to the cAMPbound state (Fig. S6 E and G) . This might be due to the spatial rearrangement of αA', which covers more of the β sheet in the cAMP-free state. However, exchange rates of the helical parts revealed major differences. In the cAMP-free state, only residues in the αA helix exhibited slow exchange rates (Fig. S6 A, C , and G), perhaps reflecting a specific interaction between αA' and αA, whereby αA becomes shielded from the solvent. Furthermore, αA and the β roll present the structurally most invariant parts of the CNBD. Amide protons of all other helices were already exchanged before recording of the first HSQC spectrum (600 s after dissolving protein in D 2 O). In contrast, in the cAMP-bound state, residues forming the cAMP-binding pocket displayed slower exchange rates (e.g., E298, A301, R307, V282, V288, L290, and V311; Fig. S6 B, D, and F) . Additionally, amide protons of a cluster of residues in the hinge region (αB), in αC, and in the PBC helix exhibited slow exchange rates (e.g., F327, M329 to C331 and A338 to R342). However, helical propensities calculated from secondary 13 C chemical shifts do not differ substantially for both states (Fig. S5C) .
Furthermore, we carried out heteronuclear steady-state f 1 Hg-15 N-NOE experiments to characterize the dynamic behavior of the cAMP-free CNBD on a subnanosecond time scale (30, 31) . Heteronuclear NOE values are sensitive to dynamics of the local environment. Positive values close to 0.8 are expected in the absence of rapid internal motions of protein backbone N-H bond vectors, whereas values <0.8 reveal fast internal motions; for highly mobile residues, NOE values even might become negative.
Most residues of the cAMP-free CNBD show heteronuclear NOE values close to 0.8 (with an average value of 0.75 for residues G221 to G350), indicating a rigid fold (Fig. S2) . However, residues of the very N-and C-terminal regions (Q216 to R219 and G350 to A355) exhibit higher values of average local displacement and a lower number of NOE-derived distance constraints (Fig. S3) . The small heteronuclear NOE values for these residues support the idea that the N-and C-terminal ends (five residues each) are more flexible.
Discussion
Previously, crystal structures were reported from two CNBD mutants R307W and R348A. These two Arg residues undergo key interactions with the ligand and their replacement lowers the cAMP affinity by >100-fold (9, 11, 20) . Arg 307 makes Coulomb contact with the charged phosphoryl group of cAMP, which perhaps represents the first step of binding. During or after seating of the ligand in the β roll, the αC helix repositions and stacks on top of the cAMP purine ring to cap the mouth of the cavity, and the side chain of R348 undergoes an ion-pair interaction with E298 in the PBC. In a total of six crystal structures from these two mutants, the αC position varies considerably over large distances and is even disordered or unwound (9) . The different structures might either reflect unique crystal environments or a conformational space that is explored by αC movements, or might represent functional intermediates during repositioning of αC. Moreover, all crystal structures of the CNBDs in the cAMP-free and -bound state (9, 11) reveal a dimer in the asymmetric unit. In solution, however, the CNBD exists as a monomer (18) . The interactions within the dimer interface might also induce changes in the β roll or the αB and αC helices. Given the functional importance of the two Arg residues, the position of the αC helix, and the potential functional implications of the C-linker interface, it seems necessary to resolve the structure of the wild-type CNBD in either state by an independent technique.
The overall fold of the monomeric, cAMP-free state reported here is similar to the monomer structure in the dimer crystal (Fig. 5) . The backbone coordinates for residues in the β roll are virtually identical (rms displacement value of approximately Fig. 4 . Structure comparison of cAMP-free and -bound CNBD. Stereoview of the cAMP-free and -bound CNBD structure overlay. The helical portion of the cAMP-bound and cAMP-free CNBD is shown in white and red, respectively. β strands in both structures are shown in blue, and the N-terminal loop region in the cAMP-free structure is highlighted in yellow. Secondary structure elements are labeled (label " C " stands for "cAMP-bound state"; label " F " stands for "cAMP-free state").
0.07 nm). However, three major differences in αA' and αC helices and the β4∕β5 loop come to light when comparing the solution and crystal coordinates. First, in the solution structure, the Nterminal αA' helix is straight rather than bent in the crystal structures. Consequently, the rms displacement values are largest for this segment of the superimposed solution and crystal structures (0.17 and 0.22 nm). A similar observation has been made for the cAMP-bound state (18) . Second, the position of αC differs remarkably (rms displacement values for αC backbone coordinates of 0.24 to 0.57 nm between solution and all crystal structures). The ensemble of αC positions has been attributed to a looser conformation of the cAMP-free state and the enhanced flexibility might allow αC to sample a conformational space during binding. In contrast to the various crystal structures, the αC helix in the solution structure is rigid and adopts a single orientation. This conclusion is supported by various NMR spectroscopic parameters, including 15 N relaxation measurements (Fig. S2) , a large number of long-range NOEs between αC and other parts of the molecule (Fig. S5B) , and a high helical propensity as calculated from secondary 13 C chemical shifts (Fig. S5C) . In a similar vein, the β4∕β5 hairpin in the crystal adopts a single conformation in the cAMP-bound state but adopts multiple orientations in the absence of the ligand (9) . The β4∕β5 hairpin is situated near the mouth of the binding pocket. On binding, the hairpin closes around the ligand. Thus, cAMP is sandwiched between R348 and three hydrophobic residues in the hairpin that can undergo van der Waals interaction with the purine ring of cAMP. However, in the solution structure of the cAMP-free state, the hairpin adopts a single conformation that is not significantly different from the conformation in the liganded state (Figs. 4 and 5) .
We tentatively conclude that the conformations of some exposed regions are particularly sensitive to packing in the crystal and, therefore, might reflect different crystal environments rather than a functionally important conformational ensemble that becomes "frozen" in the crystal. A case in point is the HCN2 channel. The structures of the CNBD in the free and bound state of HCN2 (7, 8) are almost identical except for a coil-to-helix transition (αF'). This transition resembles the formation of the 3 10 -helix in MloK1 CNBD, which occupies a similar position as αF'. However, rearrangements of the helical parts were not observed (Fig. S7 ). This surprising finding might result from crystal contacts in the αC helix region that lock the helix in a nonphysiological conformation (7) . From experiments using transition metal ion FRET, it was argued that the αC helix is partially unstructured in the cAMP-free state and adopts a more α helical structure on ligand binding (7) . In CAP, on cAMP binding, a coilto-helix transition occurs that extends αC by three turns. (32) . For the MloK1 channel, there is no evidence that the αC segment undergoes major changes either in secondary structure or length.
The solution structures of the cAMP-free and -bound CNBD, allow to reconstruct, unbiased by mutations or crystal contacts, the sequence of dynamical events that propagate through the binding fold on cAMP binding. There are commonalities and differences among different CNBDs. All CNBDs share a common fold consisting of a β roll and an α helical bundle. A common feature is also a lid region that caps the binding cavity of the β roll. In all CNBDs, except Epac, the αC helix forms the lid. Epac is lacking an αC helix; instead three β strands form the lid. Another commonality might be the structural rearrangements that move the hinge-lid region closer to the binding pocket. The PBC, αB, and αC put up a cavity that is filled with hydrophobic side chains that probably fix the relative position of these three helical elements (Fig. S5A) . These hydrophobic residues (L301, F327, and F341) are highly conserved in almost all CNBDs. On ligand binding, the PBC is displaced, allowing the hydrophobic residues to enter the void, which gives rise to a tilting movement of the hinge-lid region. This mechanism has been first proposed for Epac (24, 33, 34) . These structural rearrangements, however, are differently relayed to the effector domains that are located either N-or C-terminally of the CNBD. In ion channels, the signal is transferred via an N-terminal helix bundle to the transmembrane segment S6, involving the body movement of αB∕αC toward the β roll, the formation of a short 3 10 -helix in the loop between αA' and αA, a sliding movement of αA' across the surface of the β roll, and displacement of αA relative to αA' (Movie S1). Although these structural rearrangements may serve as guideline, the "gating movements" in the CNBDs of other CNG or HCN channels might be different. Crucial amino acids like R348 in αC or the F327/F341 pair are absent in classic CNG channels. Moreover, classic CNG and HCN channels are cooperatively activated by ligand or voltage, respectively. The allosteric mechanisms involve intersubunit contacts between long C linkers (4); the C-linker interface seems to be less important in MloK1 or CNGK channels that are activated noncooperatively (4, 20, 35) . In contrast, in CAP, Epac, and PKA the signal is relayed to the DNA-binding domain or catalytic sites, respectively, that are located in the C terminus.
To delineate the sequence of events, conformational movements need to be resolved with high spatio-temporal accuracy. One way to provide such structural information is the use of double electron-electron resonance (DEER) technique (36, 37) . If combined with rapid-mixing techniques, DEER could provide a distance map of selected residues along the reaction pathway and, thereby, reveal the pattern of conformational movements. Thus CNG channels hold great promise to further our understanding of the interplay between ligand binding and gating.
Materials and Methods
Protein Preparation. Isotopically labeled MloK1 CNBD samples for NMR studies were prepared as detailed described in SI Text. NMR samples contained 0.5 mM [U-15 N] or [U-15 N, 13 C] labeled CNBD in aqueous solution.
NMR Spectroscopy, Data Evaluation, and Structure Calculation. A detailed description about NMR experiments, data evaluation and structure calculation is provided in SI Materials and Methods. In brief, the procedures were as follows. All NMR experiments were performed at 298 K on Varian Unity INOVA and VNMRS instruments, equipped with a cryogenic Z-axis pulse-field-gradient (PFG) triple resonance probe at proton frequencies of 800 and 600 MHz. Backbone and side chain assignments of cAMP-free and -bound CNBD were obtained using heteronuclear standard experiments as reported previously A B 21, 38) . All NMR spectra were processed using NMRPipe (39) and evaluated in CARA (40) . Nuclear Overhauser Effect (NOE) distance constraints for structure calculations were derived from three-and two-dimensional NOESY experiments. NOE cross-peak assignments were obtained by an iterative procedure using a combination of manual and automatic steps. CARA was used to evaluate NOE spectra and to manually assign nearly all of the apparently unambiguous NOE distance constraints. NOE cross-peak intensities were classified as strong, medium, and weak, corresponding to upper limit distance constraints of 2.7, 3.8, and 5.5 Å, respectively. For NOE cross peaks involving methyl groups upper limit distance constraints of 2.9, 4.0, and 5.7 Å were used. Structure calculation was done with CYANA (41) using the standard protocol for simulated annealing. Using manually assigned NOEs an initial fold of the protein was calculated. Additional NOEs were automatically assigned in an iterative approach using ATNOS/CANDID (42, 43) algorithms in combination with CYANA. Dihedral-angle constraints and helical propensities were determined by TALOS (44, 45) . Geometry of the resulting structures, structural parameters, and secondary structure elements were analyzed and visualized using the following programs: MOLMOL (46), PyMOL (47), MolProbity (48) , and PROCHECK (49) .
15 N longitudinal (R 1 ) and transverse (R 2 ) relaxation rates, together with the steady-state f 1 Hg-15 N-NOE, were recorded at 298 K on a [U-15 N] labeled protein sample using standard methods (30) at 600 MHz and 800 MHz proton frequency. The correlation time was determined for an isotropic tumbling model using the TENSOR2 (50) package. NMR titration experiments were carried out at 298 K using [U-15 N] labeled unliganded MloK1 CNBD sample. A set of ( 15 N-1 H)-HSQC spectra were recorded with increasing ligand concentrations. Proton-deuterium exchange experiments were performed at 298 K. Slowly exchanging amide protons were identified by sequently recording a set of two-dimensional SOFAST ( 15 N-1 H)-HMQC (51) spectra after dissolving the freeze-dried CNBD samples in D 2 O. The last spectrum was recorded after 14 h for the cAMP-free and 24 h for the cAMP-bound CNBD.
